Experimental evidence is presented to show that the 18 O enrichment in the leaf biomass and the mean (timeaveraged) transpiration rate are positively correlated in groundnut and rice genotypes. The relationship between oxygen isotope enrichment and stomatal conductance (g s ) was determined by altering g s through ABA and subsequently using contrasting genotypes of cowpea and groundnut. The Peclet model for the 18 O enrichment of leaf water relative to the source water is able to predict the mean observed values well, while it cannot reproduce the full range of measured isotopic values. Further, it fails to explain the observed positive correlation between transpiration rate and 18 O enrichment in leaf biomass. Transpiration rate is influenced by the prevailing environmental conditions besides the intrinsic genetic variability. As all the genotypes of both species experienced similar environmental conditions, the differences in transpiration rate could mostly be dependent on intrinsic g s . Therefore, it appears that the D
O enrichment in the leaf biomass and the mean (timeaveraged) transpiration rate are positively correlated in groundnut and rice genotypes. The relationship between oxygen isotope enrichment and stomatal conductance (g s ) was determined by altering g s through ABA and subsequently using contrasting genotypes of cowpea and groundnut. The Peclet model for the 18 O enrichment of leaf water relative to the source water is able to predict the mean observed values well, while it cannot reproduce the full range of measured isotopic values. Further, it fails to explain the observed positive correlation between transpiration rate and 18 O enrichment in leaf biomass. Transpiration rate is influenced by the prevailing environmental conditions besides the intrinsic genetic variability. As all the genotypes of both species experienced similar environmental conditions, the differences in transpiration rate could mostly be dependent on intrinsic g s . Therefore, it appears that the D
18
O of leaf biomass can be used as an effective surrogate for mean transpiration rate. Further, at a given vapour pressure difference, D
Introduction
Plant biomass production is determined by the total water used and the water use efficiency (WUE, ratio of net CO 2 assimilation rate to the transpiration rate), especially under water-limited conditions (Passioura, 1976) . Since water availability is the most important constraint, particularly in the semi-arid tropics, increasing WUE is regarded as one of the potential approaches to improve crop yields. Recent efforts in selecting wheat genotypes with improved WUE resulted in higher productivity under water-limited conditions , Rebetske et al., 2002 Richards et al., 2002) . In these genotypes, the higher WUE was achieved through a reduction in stomatal conductance (g s ).
The g s regulates CO 2 entry for photosynthesis besides controlling transpiration rate. Hence when g s is reduced, although transpiration decreases, it also hinders CO 2 entry. Most often an increase in WUE is associated with reduced g s which can be counterproductive in terms of biomass accumulation (Udayakumar et al., 1998a; Sheshshayee et al., 2003) . Therefore, from the agricultural point of view, it is essential to increase WUE without compromising transpiration. Such genotypes would possess superior mesophyll efficiency to assimilate CO 2 and hence need to be identified so as to have a distinct advantage in improving agricultural productivity.
To this end it becomes imperative simultaneously to determine the genetic variability in WUE and transpiration in plants. Carbon isotope discrimination (D 13 C) has been well established as a time-averaged surrogate for WUE (Farquhar and Richards, 1984; Farquhar et al., 1989) , The application of the carbon isotope discrimination technique to assess the genetic variability in WUE has been examined and validated in container and field experiments in several crop species such as cowpea (Ashok et al., 1999; Aniya and Herzog, 2004) , wheat (Condon and Hall, 1997; Richards et al., 2002; Condon et al., 2004) , groundnut (Wright et al., 1988; Rao, et al., 1995; Bindumadhava et al., 2003) , and rice Impa et al., 2005) .
Similarly, the enrichment of the heavy isotope of oxygen in leaf water (or that of the biomass) relative to the source water is being adopted to assess variations in transpiration rate and stomatal conductance (g s ). Although the theory explaining the phenomenon of oxygen isotopic enrichment during the evaporation of water from the ocean surface has been known for almost three decades (Craig and Gordon, 1965) , the application of this theory to predict differences in g s and transpiration rate has been fairly recent (Flanagan et al., 1991b (Flanagan et al., , 1994 Farquhar and Lloyd, 1993; Bindumadhava et al., 1999; Bindumadhava, 2000) . However, discrepancy between the Craig-Gordon prediction and the measured d
18
O of the leaf water has been reported (White et al., 1994; Buhay et al., 1996) . Further, the relationship between stomatal conductance and leaf water 18 O enrichment has remained equivocal (see Discussion), although increased transpiration has clearly been shown to enrich leaf water 18 O (Gonfiantini et al., 1965; DeNiro and Epstein, 1979) .
The major objective of the investigation was to show that the 18 O enrichment in the biomass can be used as a surrogate for the mean transpiration rate by a re-examination of the relationship between D 18 O and stomatal conductance. This relationship was tested both under field and growth chamber conditions.
Materials and methods
Plants were grown under well-watered conditions in containers (60345330 cm) having 20 kg of red sandy loam and farmyard manure mixed in a 3:1 (v/v) proportion. The containers were arranged randomly in open field conditions, adequate plant nutrients were supplied once a month, and prophylactic measures were taken as and when required to raise healthy plants. All experiments were conducted at the Department of Crop Physiology, GKVK Campus, University of Agricultural Sciences, Bangalore, India (128 589 N and 778 359 E).
Alterations in stomatal conductance using abscisic acid (ABA)
Petioles of sunflower (KBSH-1) leaves from 35-d-old plants were excised under water and immediately placed in a test tube containing 15 ml of ABA solution (cis-trans ABA; Sigma, USA). Sets of four leaves were maintained at different ABA concentrations (ranging between 10 ÿ4 M and 10 ÿ7 M and a control without ABA) and allowed to transpire in a controlled growth chamber under a vapour pressure deficit (VPD) of 15 mbar and a PPFD of 1200 lmol m ÿ2 s ÿ1 (400-700 nm). The leaves were initially allowed to transpire up to 10 ml of the solution to flush out the leaf water. The time taken for leaves to transpire an additional 10 ml of the solution was recorded and transpiration rate was calculated after measuring the leaf area. Genotypic variations in stomatal conductance among cowpea genotypes Based on the results of a previous experiment (Sheshshayee, 1998) , a few cowpea genotypes with variable g s and transpiration rates were identified and raised in containers under well-watered condition in an open field. Stomatal conductance (g s ) and transpiration rate of the third fully expanded leaf from the apex of 45-d-old plants were measured using a portable gas exchange system (LCA-4, ADC, Hoddesdon, EN11, ODB, UK). The temperature and RH of the leaf chamber were maintained close to those of ambient air. The mean natural light intensity was 1600 lmol m ÿ2 s ÿ1 . All observations were recorded between 09.00 h and 11.30 h (Indian standard time).
Extraction of leaf water
Immediately after determining gas exchange, holes were punched, avoiding the major veins, and placed in tapering plastic tubes and immediately closed using rubber stoppers. The tubes were purged with pure, dry nitrogen gas and frozen to the liquid nitrogen temperature of ÿ196 8C for 20 min. The tubes were transferred to a hot water bath (80 8C) and, after 10 min of thawing, the tubes were centrifuged at 5000 rpm for 5 min. The leaf water that collected at the tapering end of the tube was drawn out using a syringe and an aliquot of 200 ll was immediately introduced into a 10 ml vacutainer tube (Becton Dickinson vacutainer systems, USA). The tubes were airtight and all the leaf water was collected instantly; care was taken to keep the fractionation that might occur during the extraction process to be minimal. Unlike the 'classical' method of extraction of leaf water by pumping, the present method does not cause significant isotopic fractionation due to incomplete extraction.
Determination of D 18 O of leaf water
The 18 O composition of the leaf water was determined by CO 2 -equilibration technique (Scrimgeour, 1995) . CO 2 gas of known oxygen isotopic composition was introduced to the head-space volume of the vacutainer tube containing leaf water and equilibrated overnight at 30 8C. The CO 2 was then introduced into the mass spectrometer (Tracermass, PDZ-Europa, UK) for the determination of d 
where d 18 O is the isotopic composition compared with VSMOW (Vienna-Standard Mean Ocean Water) and the subscripts lw and iw refer to leaf water and irrigation water, respectively (for the experiment with ABA solution the d 18 O of the distilled water was used).
Gravimetric determination of variability in mean transpiration rate (MTR) in rice and groundnut genotypes
The mean transpiration rate (MTR) was determined gravimetrically (Udayakumar et al., 1998b) . Briefly, the gravimetric method involved weighing the containers daily using a mobile weighing device for a period of 30 d. The container weight was brought back to field capacity daily by adding water. The amount of water added over the experimental period was summed to arrive at the total evapotranspiration (ET ). A mobile rain out shelter was moved over the experimental area during nights and rain episodes to maintain a specific water regime in the containers. The soil surface of all the containers was covered with plastic pieces to minimize surface evaporation. Simultaneously, 'bare' containers (without plants) were also weighed to quantify the evaporation component (Es) of ET.
Cumulative water transpired (CWT ) over the experimental period was calculated as the difference between ET and Es. The MTR was computed from the ratio of CWT to the leaf area duration (LAD= (LA 1 +LA 2 )/2330 d, where, LA 1 and LA 2 are leaf areas at the beginning and end of the experiment, respectively).
Determination of d 18 O in leaf biomass
The leaves of rice and groundnut genotypes that matured during the experimental period were separately harvested and oven-dried at 70 8C for 72 h). Finely ground dry leaf powder (0.8-1.2 mg) was taken to determine d 18 O lb by on-line pyrolysis using TC/EA interfaced with an IRMS (Delta Plus, ThermoFinnigan, Bremen, Germany) through a continuous flow device (Conflo-III, ThermoFinnigan, Bremen, Germany) at the National Facility for Stable isotope studies, Department of Crop Physiology, University of Agricultural Sciences, Bangalore, India. The analytical uncertainty of isotope measurements was less than 0.2&. 
Statistical analysis
Analysis of variance (ANOVA) for all the experiments was computed for a completely randomized design using MSTAT-C software.
The geometric mean regression (Model-II) was used to plot all relationships.
Results
Stomatal conductance (g s ) and 18 
O enrichment
The plant hormone abscisic acid (ABA) induces stomatal closure and, accordingly, excised leaves of sunflower (KBSH-1) fed with the highest concentration of ABA (10 ÿ4 M) recorded the lowest transpiration rate, which increased as the ABA concentration decreased. D 18 O lw also showed a very similar pattern. A strong positive correlation between transpiration rate (TR) and D
18
O lw was evident (Fig. 1) . To examine this relationship further, the stomatal conductance of leaves of a few contrasting cowpea genotypes was determined with a gas exchange system. A significant genotypic variability in g s and D
O lw was noticed in this set of cowpea genotypes ( Gas exchange parameters are snap-shot measurements and do not integrate the diurnal as well as the day to-day variations in transpiration rate and g s . Similarly, the 18 O composition of the leaf water also varies significantly in time. The transfer of the 18 O signature from leaf water into cellulose/biomass has been well elucidated (Sternberg et al., 1986 
O lb among the genotypes was examined and a significant positive relationship was found (Fig. 2) . As the leaf biomass and not the cellulose was analysed, it could be argued that the differences in organic composition among genotypes could possibly account for the observed variability in D
O lb especially in the long-term experiment. However, this can be safely ruled out because (i) the bulk of the dry matter of the leaf (>70%) is cellulose and (ii) the remaining components are not isotopically very different, especially in the same species of plants. It was apparent from Fig. 2 that the slopes of the regression between D
O and MTR were different for groundnut and rice. The difference could arise due to significant variations in the leaf structural composition and architecture of these two species.
Discussion
The first mechanistic explanation for the evaporative enrichment of 18 O in large water bodies was provided by Craig and Gordon (1965) . This theory was extended by several models to predict the 18 O enrichment in leaf water (Flanagan et al., 1991b (Flanagan et al., , 1994 Flanagan, 1993; Farquhar and Lloyd, 1993; Roden and Ehleringer, 1999 O enrichment in the leaf water at the site of evaporation relative to source water, e* and e k are the equilibrium and kinetic (oxygen isotopic) fractionation factors, respectively (expressed in per million units), D
18
O v , the 18 O enrichment of the atmospheric water vapour relative to the source water, and e a , e i , the partial pressures of water outside and inside the leaf, respectively.
However, it was observed that the actual oxygen enrichment in bulk leaf water (D 18 O lw ) was less than that predicted by the Craig-Gordon theory Leaney et al., 1985; Flanagan et al., 1991a, b; Wang and Yakir, 1995; Barbour et al., 2002) . To explain this discrepancy, several modifications have been attempted. Leaney et al. (1985) considered 'two pools' of water in a leaf. The first pool is an enriched fraction due to evaporation and the second, the unfractionated xylem water pool. The 'Peclet model' of Farquhar and Lloyd (1993) and account for the progressive variation of leaf water enrichment along the leaf mesophyll tissue due to convective and diffusive mixing of the enriched water and the unfractionated xylem water. The 'string-of-lakes' model (Gat and Bowser, 1991; Yakir, 1992; Ehleringer, 2000, 2002) provides for the spatial variation in d
O across the entire leaf surface. The string-of-lakes model argues that the enriched leaf water would gradually flow into the xylem thus spatially altering the source water isotopic composition. It is to be noted that, in general, (i) all these models deal with steady-state fluxes of water from the stem to the leaf, from the leaf to the boundary layer, from the boundary layer to the atmosphere, and (ii) they do not address the effect of stomatal response to the atmospheric water vapour deficit, unlike Lindroth and Halldin (1986) who suggest an empirical relation. Recently, a non-steady-state model was proposed by Farquhar and Cernusak (2005) ; according to these authors, the model 'is less important during the day and hence for determining the 18 O enrichment in organic matter'. In some earlier experiments it was observed that the 18 O enrichment in the leaf water was directly proportional to the transpiration rate (Walker et al., 1989; Yakir et al., 1990; Yakir, 1998) . Gan et al. (2002) showed that the leaf water as well as the leaf organic matter D
O was significantly higher in the leaves exposed to lower RH, which indicated that the 18 O enrichment linearly increased with transpiration rate. A lower stomatal conductance (g s ), at a given VPD, is also known to reduce the transpiration rate and hence 18 O enrichment (Fig. 1 of Wang and Yakir, 1995) . Our results are consistent with these, but they contrast with the trend reported for the relationship between leaf water enrichment and transpiration among wheat genotypes .
A simplified Peclet model developed by Fraquhar and his coworkers was obtained from Dr Margaret Barbour and the predicted D
O was determined. Several input parameters such as fractionation caused during diffusion through stomata (32&) and through the boundary layer (21&) were considered (Cappa et al., 2003) in the model. The source water of the GKVK tube well used for irrigation was ÿ3.7&. The oxygen isotopic enrichment over the source water was estimated using the model. Figure 3 clearly O was provided by Dr Margaret Barbour. The diffusion fractionation through stomata was considered as 32& and that through the boundary layer as 21& (Cappa et al., 2003) . The equilibrium fractionation between C=O and water for carbonyl exchange (27&) and for the whole leaf biomass (ÿ8&) was as per . Other values used: d , effective length for Peclet effect=0.018 m, proportion of exchangeable oxygen in cellulose=0.56, and proportion of xylem water in meristem=0.8. Measured leaf temperatures were used for the calculation. e k and g b depend on the nature of the boundary layer, influenced by wind speed and leaf temperature, while the shape/area of the leaf is also important. In this study's experiments all plants experienced the same wind speed and air temperature. The shapes of the leaves are also comparable within species. The dependence of the leaf water isotopic composition on the leaf temperature is of a small magnitude (Majoube, 1971) . Therefore, it appears necessary to modify existing models to incorporate the stomatal response to changing VPD naturally.
Conclusion
In this work, it has been shown experimentally that there is a positive correlation between the transpiration rate (caused by stomatal conductance) and the oxygen isotope enrichment in leaf biomass in groundnut and rice genotypes that contrast with the observations of . Transpiration rate can increase either because of increased stomatal conductance or when the vapour pressure difference between the leaf and air is increased. When the transpiration rate was altered by inducing differential stomatal closure through ABA, the D
18
O lw closely followed the changes in transpiration rate (Fig. 1) . In addition, the genotypes varying in stomatal conductance showed similar variations in mean transpiration rate. The D
O lb , an integrated measure of the leaf water D
18 O values, showed a significant positive relationship with mean transpiration rate (Fig. 2) . These results suggest that the D 18 O lb is a good time integrated measure of stomatal conductance. Existing models (such as the Peclet model) need to be modified to explain the observed positive correlation between transpiration rate and 18 O enrichment in leaf biomass.
